An optimal velocity model building in depth requires combining various types of information. This can be expressed and solved efficiently as a non-linear optimization problem. Among the various nonlinear tomography methods proposed for velocity model building in depth, non-linear slope tomography copes ideally with kinematic information obtained from a dense volumetric picking that yields a high-density resolution of the velocity model. We show how non-linear slope tomography has been extended to Multi-Azimuth and Wide-azimuth acquisitions resulting in improved velocity model resolution due to wave path redundancy and complementary information. We address both picking and velocity update aspects and, in particular, the kinematic migration and demigration processes.
Introduction
Migration velocity analysis is the most common strategy for depth velocity model building. It involves an iterative process with several loops of 1) pre-stack depth Migration (preSDM), 2) structural dip and residual move-out (RMO) picking, and 3) velocity update. The assumptions underlying the velocity update are important for the accuracy and efficiency of the process. Liu and Bleistein (1995) described an accurate linear update of the velocity model that is still the basis of most of the tools in the industry. The limitations of such a linear process have already been pointed out, and a non-linear velocity update has been proposed (Guillaume et al., 2001; Adler et al., 2008) . This work allows us to limit the number of iterative steps (preSDM and picking) and also provides a powerful theoretical frame for multi-parameter inversion combining various types of information. Several types of non-linear tomography have been proposed amongst which figure non-linear slope tomography. This latter type is the most adapted to the task with its use of automated dense volumetric dip and RMO picking (Siliqi et al., 2007; Hardy, 2003) , and the advantage of a highdensity resolution of the velocity model. Slope tomography considers locally coherent events characterized by their local position and slopes in the un-migrated domain (Lambaré, 2008) . They can be picked either directly in the un-migrated domain or in the time or depth pre-stack migrated domains using a kinematic de-migration process (Chauris et al., 2002) . In this case, they are called kinematic invariants (Guillaume et al., 2001) . In this paper, we develop the extension of non-linear slope tomography (Guillaume et al., 2008; Montel et al. 2009 ) to general 3D acquisitions like Multi Azimuth (MAZ) and Wide Azimuth (WAZ). It involves aspects related both to the slope tomography itself and the picking and kinematic demigration process.
Non-linear slope tomography for WAZ and MAZ acquisitions
The input is in the form of locally coherent events picked in the migrated or un-migrated domain. When picked in the migrated domain, a kinematic de-migration maps the events into the un-migrated domain, providing the so-called kinematic invariants (see Figure 1) . ), traveltime T, and local slopes. In narrow azimuth (NAZ) studies, we have access to three slopes: two in the common offset cube, slope Mx and slope My , which are used in the kinematic migration/de-migration processes and one in the common midpoint gather, slope H , which carries the velocity information. WAZ studies give access to two slopes in the common midpoint cube gather slope Hx and slope Hy , both carrying velocity information (Figure 1 ). The velocity model m can be smooth or blocky. This model can be defined by cardinal cubic B-Splines that are adapted to ray tracing and to models with large spatial dimensions (due to compactness). The TTI (Tilted Transverse Isotropy) model includes velocity parameters, anisotropy parameters (δ, ε), and the axis of anisotropy symmetry. Updating model m from NAZ data means finding m while minimizing the cost function C NAZ (m):
where dip H is the predicted local derivative with respect to the offset of the RMO curve (Figure 1 ). To compute this term, we first perform a common offset kinematic migration that fits the kinematic invariants traveltime, shot and receiver positions, and common offset cube slopes. Then the remaining common midpoint slope is used to predict the local derivative of the RMO curve using the formula developed by Chauris et al. (2002) (Figure 1 and 2 ). In equation (1), the β term is a weighting term containing a quality factor for the data. The regularization term related to the model contains some a priori information on the model and could be a Tikhonov regularisation, for example. For MAZ data, in the cost function we sum the terms corresponding to the various azimuths ( i )
where dip H i denotes the local derivative of the RMO curve in the offset direction for azimuth i. . In the case of WAZ data, we have access to the local derivatives of the RMO curve in the H x and H y directions, dip Hx and dip Hy (Figure 2 ), and we can propose the following cost function:
From the kinematic migration, we calculate linear equations relating changes in dip h to changes in the velocity or anisotropy parameters being updated, i.e. the Fréchet derivatives. These Fréchet derivatives are used to compute the gradient of the cost function. They are used in a non-linear local optimization scheme. The non-linear update of the velocity model parameter can be done using a multi-grid approach. Firstly, we solve for the long wavelengths using a decimated velocity grid to avoid local minima in the cost function. Then this grid can be refined to solve for the shorter wavelengths. The denser the picking information is, the higher the model resolution we can expect. This "multi-grid" approach is very useful for joint model-parameter inversion (for example, velocity and anisotropy) that is an even less well-posed problem. 
Picking locally coherent events
Picking for non-linear slope tomography requires special care because we expect to extract the whole kinematic information. Ideally, a single picking step may be sufficient for updating the velocity model. Non-linear slope tomography offers a great flexibility concerning where and how the picking is done: it can be done in either the time, depth-migrated, or un-migrated domain. When picking in the migrated domain, a demigration process is needed to compute the kinematic invariants that will be used by the tomography. Picking in the un-migrated domain, which may suffer from a poor signal-tonoise ratio, presents the advantage of preserving the acquisition geometry. We are able to build a velocity model using the picked information from any of these domains.
Figure 3 Parametric surfaces are overlaid on "butterfly" gathers (data are ordered in Hx, Hy). Courtesy of Siliqi.
The current standard in the industry is to pick structural dips and RMO curves (Hardy, 2003 , Siliqi et al., 2007 . The ideal picking tool for the non-linear slope tomography would allow us to pick the structural dips in each common offset volume consistently in all dimensions. The multi-dip multidimensional picking proposed by Traonmillin et al. (2009) offers this possibility with the additional advantage of discriminating crossing events with respect to plane wave destruction filters. For a similar purpose, Siliqi et al. (2007) developed an RMO-consistent spatial filtering of high order parametric RMO curves. These tools have evolved to adapt to the WAZ configuration by taking into account azimuthal variations. Lecerf et al. (2009) and Siliqi and Talaalout (2009) proposed the picking of parametric surfaces on WAZ CIGs (Figure 3 ).
MAZ and WAZ non-linear slope tomography in practice
The non-linear slope tomography can be decomposed into the following steps: step 1) pre-stack migration, step 2), dip and RMO picking, step 3), kinematic de-migration, and step 4), non-linear tomography. In step 3), we compute the so-called kinematic invariants that are the input data used for velocity update. By picking in the un-migrated domain and thus replacing steps 1), 2), and 3), we have direct access to this information. The non-linear approach allows several velocity updates based on a single pass of steps 1), 2), and 3). Compared to a standard linear tomography flow, we replace several iterations of steps 1), 2), and 3) by several forward and inverse modelling iterations of the residual move-out (Figure 4) . The expected benefits of velocity model building from MAZ acquisition come from wave path redundancy and information complementarity between the different azimuths. Picking can be done independently in the various azimuth directions. The sets of kinematic invariants are then merged as input for the MAZ non-linear slope tomography. This process allows us from a velocity modelbuilding point of view to consistently combine the various information (Gruffeille et al., 2009 and Hy. Zimine et al, (2010) shows examples of WAZ non-linear slope tomography demonstrating its efficiency.
Conclusion
We showed how the interesting features of nonlinear slope tomography have been extended to MAZ and WAZ acquisition geometries. The great flexibility induced by the use of kinematic invariants allows us to build time or depth velocity models mixing data from either the time or depth-migrated domain or the un-migrated domain. In MAZ configurations, the various available azimuth directions are picked independently and combined to derive the optimal update of the velocity model. The WAZ configuration offers the possibility to pick two slopes in the X and Y offset directions to provide an additional constraint on the velocity model. 
